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Abstract: This work provides a critical assessment of electric effects on the microstructure evolu-
tion at the heat-affected zone in electric arc welding. Electric effects are the interactions between
electromagnetic fields and materials’ microstructures. They differ from the arc effect and the Joule
heating effect by providing an alternative contribution to nucleation, grain growth, recrystallisation
and tempering. The influence of the electric effect on grain size, defects, anisotropic properties,
precipitates and residual stress has been examined kinetically and thermodynamically. The use of
adaptable electric current densities, pulse durations, pulse frequencies and electrode movements is
suggested to achieve desirable microstructures and mechanical properties for the weldments.
Keywords: electric arc welding; electric effect; heat-affected zone; microstructure
1. Introduction
Electric arc welding (EAW) utilises an electric current between 100 and 1000 A to
generate the electric arc. The arc heats up an electrode and joins metallic workpieces. EAW
causes melting, solidification, recrystallisation and tempering [1]. The heat effect in EAW
has been investigated over decades. The heat-affected zone (HAZ) represents the region
where microstructures are altered. The microstructure in the HAZ is heterogeneous and
different from the other areas. For example, the grain size in the grain-growth region is
often larger than that in the recrystallisation region [2]. Despite significant research using
modelling [3,4], experiments [5] and data-driven intelligent learning [6], there remains a
further requirement to improve the quality of weldments. A more comprehensive scientific
understanding is required toward minimising the detrimental effect of the HAZ in order to
meet the progressive needs in the engineering practice.
The electric effect is different from the heat effect. The former is associated with an
electromagnetic interaction and is described by Maxwell’s equations. The latter is due to
Joule heating and is governed by Ohm’s law. Significant progress has been made in the
understanding and the application of the electric effect in the electric current processing
of materials [7]. The heat effect in electric current processing has been classified as a side
effect, along with the skin effect, the pinch effect and electromigration [8]. To illustrate
the significance of the electric effect in EAW, the current density implemented in spot
welding has been calculated and compared with the observed electric effect in other
electric-processing situations as follows: Most commercial EAW rods have a diameter
between 1.6 mm and 4.0 mm. With an operating current of 150 A, the HAZ adjacent to the
EAW rod with a 3.2 mm diameter bears an average current density of 1.86 × 107 A/m2.
This is significant because a current density around 1.0 × 103 A/m2 has been found to
increase the mobility of atoms and dislocations by a factor of one thousand [9], and a current
density of 1.018 × 107 A/m2 has been observed to be able to change the microstructure of
low-carbon steels drastically at ambient condition [10]. In a liquid state, the critical value
for the density of electric current to generate a considerable electric effect is much lower
than the critical value in a solid state [11]. Despite the gradual reduction of the current
density from the electrode across the HAZ to the matrix, due to the incrementation of
the cross-section perpendicular to the current flow direction, the electric effects on liquid
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metal, grain growth, recrystallisation and tempering need to be assessed critically. The
aim of this article was to conduct such an assessment in order to provide a comprehensive
understanding of the mechanisms that affect the microstructures of weldments beyond the
heat effect.
2. The Electric Effects
2.1. Basic Consideration
A schematic diagram of EAW is shown in Figure 1a. The power source provides
either a direct current or an alternating current. The electrode can be either consumable or
non-consumable. The electric arc is ionised air with high electrical conductivity, similar to
that of the metals. The workpieces are mainly metallic materials, e.g., low-carbon steels.
Figure 1b illustrates a typical experimental setup for investigating the electric effect in
materials processing. The major difference between Figure 1a,b is the minimisation of Joule
heating. This is achieved by minimising the contact resistance and replacing the continuous
current with electric pulses. The required temperature in Figure 1b is provided by a well-
controlled furnace. The electric effect is considered based on the adiabatic assumption. The
heat effect can add to the electric effect without interference. The temperature-dependent
electrical properties have been counted in the consideration of the electric effect. The device
shown in Figure 1b can be considered as a model device for Figure 1a with the capability
of investigating individual phenomena at various areas in the HAZ.
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i . e sc e tic i r f ( ) l t i
e electric effect affects both the kinetics and thermodynamics of materials’ mi-
crostr ctural evolutions. Kinetically, a igh electric current means the significant drifting
of free electrons in the direction opposite the electric fiel . The drifting electrons are
reflected unsymmetrically around each defect and cause a partial shielding effect in the
repulsive force between the protons in adjacent atoms. This reduces the kinetic barrier
for diffusion and enables a faster microstructural evolution in EAW than in other weld-
ing methods (e.g., laser welding). The kinetic effect of an electric current was initially
identified in the material’s electroplasticity [12], was subsequently validated by experi-
mental characterisation [13,14] and then applied to the deformation of brittle alloys such
as magnesium alloys [15,16] and aluminium alloys [17] to improve their formability. The
electric-current-induced acceleration in the microstructural evolution has also been ob-
served in the precipitate dissolution [18] and the reversal of spinodal decomposition [19,20]
in stainless steels. For example, microstructures formed over hundreds of hours without
electric current have been observed to be dissolved within minutes by the electric current
at the same temperature. This indicates that all of the processes in EAW can be expedited
by the electric effect, and the contribution of the electric effect to the kinetics can be more
significant than that from the heat effect.
Thermodynamically, electric current free energy is described by the Landau theory in





Metals 2021, 11, 1917 3 of 11
where µ is the magnetic permeability and Hi is the i-th component of the magnetic field. An-













J (v) is the electric current density at a space position with an infinitesimal volume,
dv. v and v′ represent two different positions within the material. Equation (2) shows
that the electric current free energy is dependent on the spatial distribution of the current
density. Any microstructural transformation can cause a change in the local electrical
properties and, subsequently, a change in the local electric current density. For example, a
grain-size refinement causes an increase in interface fraction. The electrical conductivity of
the interface is different from that of the bulk crystals [23]. The grain refinement, therefore,
causes the change in electric current free energy. In an inverse understanding, it can be said
that the passing electric current affects the grain refinement. The change of electric current
free energy, according to Equation (2), is dependent on the average current density square,
the change in the electrical conductivities due to the microstructural evolution and the
volume of materials. The detailed formats for the materials, at some specified geometries,
have been calculated and are available in the literature [24,25].
The total free energy in the microstructure transformation consists of the chemical
free energy, interface energy, strain–stress energy and electric current free energy [26]. The
electric current free energy can change the system free energy differently than the heat
effect. As discussed earlier in the present work, the kinetic effect of the electric current
expedites the process and makes the material’s microstructures evolve quickly along the
new thermodynamic trend.
2.2. Electric Effects on Grain Growth
The electric current enhances the diffusivity drastically when the current density
surpasses a critical value of 1.0 × 103 A/m2 [9]. In diffusion-limited growth, the grain-
growth rate is given by [27]:
→
v n = −Dn̂·∇c (3)
where n̂ is a normal direction of a solid–liquid interface,
→
v n is the growth rate along n̂ and
∇c is the gradient of the solute composition. Equation (3) shows that the electric current ex-
pedites the grain growth via an enhanced diffusivity. The higher grain-growth rate means
a shorter nucleation time and, hence, a larger average grain size. A conventional consid-
eration based on the heat effect in EAW suggests that coarse grains are formed because
the molten materials are solidified in a low-temperature and high-thermal-conductive
substrate. Equation (3) indicates an extra electric effect that contributes to the formation
of a coarse-grained microstructure. It is well known that a high cooling rate causes the
formation of brittle martensite in the medium- and high-carbon steel workpieces [28].
These steels are therefore classified as not weldable. If the diffusivity of carbon could
be accelerated drastically by the electric effect and could surpass the quenching effect,
the formation of brittle martensite would be avoidable because the carbon atoms could
diffuse away from the body-centred-cubic phase to form carbides or to move to the resid-
ual face-centred-cubic austenite phase [29]. This means that the electric effect could, in
principle, change the weldability of some engineering steels. Further investigations are
required to assess its feasibility and to capitalise on this idea. The research could include
the optimisation of the arc geometry and the electric current parameters to balance the
diffusion and the rapid solidification.
From a thermodynamic point of view, the electric effect promotes microstructure
evolution toward the state with the highest electrical conductivity [30]. It is well known
that the crystalline phase has a higher electrical conductivity than the corresponding liquid
and amorphous phases [31]. This indicates another growth that is due to the percolation
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effect of the electric current, as illustrated in Figure 2. The interface represented by the solid
line (denoted as interface A) is encouraged by the electric effect more than the interface
represented by the dashed line (denoted as interface B). Both cases have the same fraction of
the solidified phase, but interface A has some grains grow faster than others and eventually
form large anisotropic-shaped crystals. The case where some of the grains grow quickly
toward the electrode causes the formation of several high-conductivity percolation paths
and enables the electric current free energy to be lower than that of the case illustrated in
interface B. The percolation-caused growth is detrimental to the quality of the weldment
because those large grains can form an interconnected frame to reduce the fluidity of the
unsolidified metal. The latter causes the formation of defects, pores, residual stress and hot
cracks [32] because the volume shrink during cooling in the isolated areas is unable to be
refilled by other liquid metals. For a similar thermodynamic reason, aligned growth can
take place in electric processing [33,34]. This is because the different phases have different
electrical conductivities. An aligned microstructure promotes percolation and maximises
the material’s effective electrical conductivity along certain orientations. The electric effect
can also cause the anisotropic objects to rotate in the liquid phase. Numerical calculations
have shown that the needles [35] and thin flakes [36] of the low-electrical-conductivity
phases in a high-conductive liquid can rotate and eventually align to the direction of the
electric field.
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Figure 2. The schematic diagram shows the grain growth under the lectric effect (interface A) and
under the heat effect (interface B).
In ad it on to the previously discussed posit ve and negative lectric effects on grain
growth during the e c i aterials in a welding p ol, th electric ffect
h s a significant influence on nucleation. Experimental observations have reported the
current-promoted nucleation rate in the solidification of metallic materials [8,11,37,38]. A
nucleation theory based on electric current free energy has been developed [39]. Electric
current makes the free-energy density ifference bet een the supercooled liquid and the
crystalline phase more severe. This reduces the critical radius of nuclei in solidification.
A numerical calculation shows a good agreement between the theoretical prediction and
the experimental characterisation. It is also assumed that the electric field modifies the
solid–liquid interface energy [8], despite this not having been validated experimentally.
The enhanced nucleation rate is favourable to the grain refinement in casting. In the early
stage of crystal growth, the electrical conductivity of the nanoscale crystalline is often
anomalous [40] and can sometimes cause the suspension effect to prolong the nucleation
time [41]. The overall contribution from the electric effects on the final grain size in the
HAZ is decided by the competition between various factors. This is, however, controllable
and can be adjusted to achieve the favourable microstructure and prevent the undesirable
microstructure from developing.
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2.3. Electric Effect on Recrystallisation
Recrystallisation is a microstructural relaxation driven by the second law of thermo-
dynamics in a minimisation of the system’s free energy without a phase transition [42].
It is often achievable by the minimisation of the interface energy and the mitigation of
residual stress. An example is the spheroidisation of lamellar grains [43]. The total interface
energy is reduced via the microstructural evolution. The heat effect is known to improve
the diffusivity and expedite the recrystallisation. The residual strain–stress energy also
provides a thermodynamic driving force for recrystallisation. The electric effect provides
not only higher mobility to enable quicker recrystallisation but also an extra electric current
free energy to enable the finer than conventionally expected microstructure to form. The
mechanism behind this is indicated in the following equation:
Sbe f ≥ Sa f t + (∆Ge + ∆Gs)/σ (4)
where Sbe f and Sa f t are the interface areas before and after recrystallisation, respectively.
∆Ge and ∆Gs are the electric current free energy difference and stress–strain energy dif-
ference in the recrystallisation, respectively. σ is the interface tension. In the case when
∆Ge + ∆Gs = 0, the total interface area after the spheroidisation should be less than the
area before recrystallisation. For any given morphology of elongated grain, Equation (4)
can be used to calculate the minimum average grain size after recrystallisation. When the
electric current free energy satisfies ∆Ge < 0, it is unnecessary to have Sbe f ≥ Sa f t because
the negative value of ∆Ge can be used to compensate for the extra interface energy in the
grain refinement. This means that the minimum grain size from a traditional theoretical
prediction can be exceeded [44]. The finer microstructures have been observed experi-
mentally [45]. The negative electric current free energy is obtainable when the electrical
conductance of the materials increases after the recrystallisation.
To illustrate this straightforwardly, a numerical calculation for the current density
distribution was performed and the electric current free energy was calculated according
to Equation (2). These results are shown for the first time, as follows. The numerical data
were plotted using MatVisual software. The electric current density was obtained by first
calculating the static electric potential distribution and then using Ohm’s law to calculate
the electric current. The static electric potential distribution was calculated by a relaxation
method and Kirchhoff’s law. The virtual system was subjected to an electric potential differ-
ence of 20 V in a horizontal direction. The electrical potential in the left end was higher than
that in the right end. The material contained two phases. The matrix had a higher electrical
conductivity than that of the embedded phase. For a realistic calculation, the physical pa-
rameters of ferrite (electrical conductivity at 9.17× 106 S ·m−1 and magnetic permeability
300µ0) were used for the matrix, and the physical parameters of cementite (electrical con-
ductivity at 1.22× 106 S ·m−1 and magnetic permeability 30µ0) were used for the embedded
phase. The calculation was performed on a lattice containing 201 × 91 × 81 number of
cubic grids. The electric current distribution is shown in Figure 3. The grains at flat shapes
shown in Figure 3a are broken and spheroidised in Figure 3b. The numerical calculation
shows that the electric current free energy in Figure 3b is much lower than that in Figure 3a.
The electric effect has promoted the formation of a finer microstructure.
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Figure 3. The electric current distributions in a high-conductive matrix containing low-conductive (a) plate shapes and (b)
broken and spheroidised grains.
For the materials containing residual stress, the recrystallisation-induced residual-
stress mitigation means a negative value of strain–stress energy (∆Gs < 0). The release
of the residual strain–stress energy can contribute to the microstructure evolution in
recrystallisation and makes the grains even finer. The residual stress is often formed
during the phase transition, quenching and mechanical deformation. The combination
of the electric effect and the residual stress effect has been implemented to fabricate
nanostructured steels [45,46]. Electric current pulses were applied at around 109 A/m2 to a
cold-drawn high-carbon pearlitic-steel wire (Fe–0.8C–0.2Si–0.5Mn wt.%) to 60% elongation
and obtained very fine cementite particles. Figure 4 shows a scanning electron microscope
(SEM) image after recrystallisation of this wire. The figure is shown for the first time in the
present work. Spheroidized nanoscale FeC3 particles are seen throughout the image, while
the original microstructure before recrystallisation was a deformed lamellar pearlite. It is
not possible to form such fine grains by rearrangement of the interface energy alone. The
electric effect and residual stress have both played their roles.
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Figure 4. Electric-effect-induced formation of nanostructured FeC3 grains from the originally thin plate in cold-drawn
pearlitic wire.
The electric effect has the potential to cause an anisotropic icrostructure to for .
Klinger and Levin analysed the interface instability in an electric field and reported that
the interface migration rate was enhanced along the direction parallel to the electric
field [47]. A similar phenomenon was revealed in the calculation of the agglomeration of
inclusions in liquid steel at the electric field [48]. This has also been noticed in the ce e tite
s r i is ti eri ents described earlier in the work. In some cases, when the electric
current density is insufficiently high, the cementit plates perpendicular to the electric field
direction are broken into small pieces, but some other plates par llel to the electric field are
less fractured, s is shown in the SEM image in Figure 5. A higher electric current density
is required to b ak all of the amellar structu e into smaller partic s, if not to co sider
the change of electric current direction by rotating the samples or electrodes.
2.4. Electric Effect on Tempering
Tempering is a heat treatment to improve a material’s mechanical properties, such
as fracture toughness and the distribution of residual stress. The influence of the electric
current on the diffusivity and the free energy allows the electric current to accelerate the
structural relaxation. Experiments have shown the electric effects on the hardness, tensile
property, residual stresses, microstructures and dislocation density of quenched medium-
carbon steels [49] and the martensite phase in dual-phase steels [50]. The wear resistance
and the corrosion behaviour in deep cryogenically treated steels have been modified
due to the accelerated diffusivity of the carbon in the formation and the configuration of
carbides [51]. The electric effect on precipitation has been reported in various alloys [52,53].
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induced recrystallisation of pearlite steels.
An electric current treatment can alternate the residual stress in metallic materi-
als [54,55]. This is often related to dislocati n annihilation [56] and structural r laxation.
P esently, it has not been stablished that an electric current can r move residual stress
without causing notable microstructural alternation. How ver, converti g tensil stress to
compressive stress is easily achieved using electric current processing [57,58]. Although the
mechanism behind this phenomenon can be linke to the pi ch effect of the electric current,
it is more likely that the relationship between the electrical conductivity and the hydrostatic
pressure plays a role. Most metallic materials have a higher electrical conductivity under
a higher pressure [59]. The electric current free energy is lower in the high-conductivity
state than in the low-conductivity state, according to the earlier discussions in this work.
The electric effect, therefore, drives the materials to evolve toward the highest conductive
state in order to minimise the electric current free energy. This generates compressive
residual stress.
3. Optimising the Electric Effect in EAW
To balance the heat effect and the electric effect in EAW in order to achieve a desir-
able microstructure and the ideal mechanical properties in weldments, electric current
parameters should be designed to be able to optimise all of the electric effects that have
been discussed earlier in this article. Pulsed electric current should replace the continuous
current. There are already many successful examples of this transition [60,61]. The electric
parameters include the electric current density, pulse duration, pulse frequency, electrode
movement and loading time. The shape and the size of the arc should be designed to fit
the need for welding at the various electric parameters.
For the electric effect in grain growth, electric current promotes both nucleation and
grain growth. The finer microstructure can be achieved by a higher nucleation rate and a
lower growth rate. The nucleation rate is proportional to the exponential current density
square. It should, therefore, apply a high-density short-duration electric current to the
molten materials in the nucleation stage. In the growth stage, the current density should be
reduced to less than the critical value so that the diffusivity is not enhanced by the current.
The ideal temperature for nucleation is different from that for growth. There is a possibility
to adjust this to achieve a desirable situation.
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The electric current free energy affects the phase stability sequence in the weldments.
This can be used to control the formation and the morphology of the phases and the
precipitates [62]. The effect of the electric current on the precipitations has been reported
to be either an acceleration [52] or a retardation [63,64]. Both cases should have identical
thermodynamic reasons, and the differences should come from the electrical and magnetic
properties of the precipitates and the matrix. The electric current free energy should be in-
cluded in the prediction and the calculation of the phase diagram in EAW, which is possible
due to the significant progress in computational thermodynamics and phase diagrams [26].
The location of the electrode should be changed during the welding process to avoid
the formation of an anisotropic microstructure and texture in the HAZ. This can be rather
complicated due to the accompanied movement of the arc and the temperature profile.
Computation of the electric current effect [22] should be integrated with the computation
of the heat and mass transfer to optimise the EAW processing.
4. Conclusions
Through the critical assessment of the electric effects on the heat-affected zone in
electric arc welding, the following points have been drawn.
The electric effect influences the nucleation rate and the grain-growth rate in the
solidification of metals and alloys in the HAZ. The nucleation is mainly affected by the
electric current free energy, which is dependent on the electrical properties of the crystalline
and liquid metals, the microstructure and the electric current density. The grain-growth rate
is mainly affected by the current-enhanced diffusivity. An elegant design of the adaptive
electric current parameters can lead to a desirable microstructure in the HAZ.
The electric effect plays an important role in recrystallisation. Experiments have shown
the significant refinement of materials’ microstructures by the electric effect. Precautions
to be considered include the potential formation of an anisotropic structure that leads to
undesirable anisotropic mechanical properties. Design for the movement of electrodes has
the potential to minimise the anisotropic effect.
The electric effect is suitable for tempering treatment of the material’s microstructure
and properties. The current-enhanced mobility of atoms and dislocations promotes struc-
tural relaxation. Current-induced residual-stress redistribution can generate favourable
material properties in weldments.
It is possible to improve the weldability of some materials using the electric current
enhanced diffusivity.
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